Motile but non-swimming bacteria achieve self-propulsion over surfaces using mechanisms that are barely understood. Flavobacterium johnsoniae, which exhibits some of the fastest motion of all known non-flagellated, non-piliated bacteria, has a mobile cell-surface adhesin, SprB, and a powerful rotary motor. The attachment of SprB to an external surface is required for bacterial gliding. How rotation might be coupled to the motion of SprB over the cell-surface is a puzzle. GldL, which is a component of the bacterial Type IX secretion system (T9SS) and is required for the secretion of SprB, localized at the axis of rotation of a tethered cell, suggesting that it is a part of the rotary motor. SprB moves along a spiral track that loops back as it reaches the cell pole. Is GldL close enough to such a track for a motor to engage a tread that moves along the track? We measured the proximity of GldL-YFP spots to tracks carrying Cy3-labeled SprB. The GldL spots and the labeled tracks were about 90 nm apart, a distance commensurate with the known rotation speeds and gliding rates. We propose a model in which a pinion, connected to a rotary motor, drives a rack (a tread) that moves along a spiral track fixed to the rigid framework of the cell wall. SprB, carried by the tread, adsorbs to the substratum and causes the cell to glide.
Abstract. Motile but non-swimming bacteria achieve self-propulsion over surfaces using mechanisms that are barely understood. Flavobacterium johnsoniae, which exhibits some of the fastest motion of all known non-flagellated, non-piliated bacteria, has a mobile cell-surface adhesin, SprB, and a powerful rotary motor. The attachment of SprB to an external surface is required for bacterial gliding. How rotation might be coupled to the motion of SprB over the cell-surface is a puzzle. GldL, which is a component of the bacterial Type IX secretion system (T9SS) and is required for the secretion of SprB, localized at the axis of rotation of a tethered cell, suggesting that it is a part of the rotary motor. SprB moves along a spiral track that loops back as it reaches the cell pole. Is GldL close enough to such a track for a motor to engage a tread that moves along the track? We measured the proximity of GldL-YFP spots to tracks carrying Cy3-labeled SprB. The GldL spots and the labeled tracks were about 90 nm apart, a distance commensurate with the known rotation speeds and gliding rates. We propose a model in which a pinion, connected to a rotary motor, drives a rack (a tread) that moves along a spiral track fixed to the rigid framework of the cell wall. SprB, carried by the tread, adsorbs to the substratum and causes the cell to glide.
Significance. In mechanical devices, rotary motion can be converted to linear motion when a circular gear, called a pinion, engages a linear gear, called a rack. Is such machinery present in nature? The data presented here show that in certain bacteria that exhibit gliding motility, the axes of rotary motors are about 90 nm away from cellsurface tracks on which adhesins move. Gliding occurs when such adhesins adsorb to the substratum, e.g., glass. If 90 nm is the radius of a pinion rotating 3Hz (the maximum speed of rotation when a cell is tethered) then that pinion can drive a rack (a tread carrying adhesins) at 1.5 µm/s, which is the speed that cells glide. This suggests that nature has not only invented the wheel, it also has invented the likes of a microscopic snowmobile.
Introduction. Rod-shaped gliding bacteria move in a manner similar to a self-propelled screw, i.e., they roll along their long axis as they move forward on an external surface (1, 2). Bacteria related to Flavobacterium johnsoniae, which is the fastest of all known gliders, are present in diverse environments such as the human oral microbiome, fish scales, water bodies, and plant roots, where they glide over their preferred surfaces.
How the molecular players form the machinery that actuates this motion is not clearly understood. Flavobacterium johnsoniae is now the organism of choice for studies of this process, because rates of movement are high and much of the genetics is known (3, 4) . A mobile cell-surface adhesin, SprB, has been identified that plays a central role in gliding (5, 6) . Tracking of SprB in 3D space has revealed the presence of a spiral cell-surface track on which SprB moves (1). Cells subjected to viscous shear stop gliding, but they can be tethered to an external surface using anti-SprB antibody.
Tethered cells pinwheel around a fixed axis, suggesting that a rotary motor that generates high torque is a part of the gliding machinery (7) .
Bacterial motility machines have external components, so are coupled with protein secretion systems. The flagellar motor is associated with the Type 3 secretion system (8, 9) , and the Type IV pili motor is associated with the type II secretion system (10) (11) (12) .
In Flavobacterium, the Type IX secretion system (T9SS) is required for the secretion of SprB, and cells lacking the T9SS are non-motile (3). The T9SS forms at least one ring-shaped structure (13) . GldL is a cytoplasmic membrane protein and is one of the core T9SS proteins (14) . Our results suggest that the T9SS is associated with the rotary component of the gliding motor which drives a tread carrying the adhesin SprB along a track fastened to the rigid framework of the cell wall.
Results and Discussion.
The axis of rotation is localized near GldL. GldK, GldL, GldM, GldN, SprA, SprE, SprF and SprT are the core T9SS proteins required for the transport of SprB to the external surface. ∆gldL mutants lack SprB and are not able to stick to a glass surface (14) . We found that ∆gldL mutants complemented by GldL-YFP were able to bind to glass and exhibited wild-type levels of cell rotation but did not move long distances on glass (Movie S1). This suggests that while the rotary motor is fully functional, the tread that carries SprB or the track on which it moves might not assemble properly in this strain. Un-sheared wild-type F. johnsoniae cells can sometimes self-tether onto a glass surface and exhibit rotation. However, such a tether is not very firm, as a result of which most un-sheared cells do not rotate for long time intervals. In contrast, sheared cells tether firmly and rotate for a long time (7) . Presumably, shearing breaks down the tread on the cell surface, as a result of which SprB does not move along the length of the cell but stays near the rotary motor.
Fluorescent GldL-YFP appeared as spots or foci that were fixed in the frame of reference of a cell ( Fig. 1A & Movie S2). About 3 GldL foci were found per cylindrical face of a cell, as measured from 42 cells (Fig. 1B) . The TIRF microscope used for these measurements strongly illuminates only the cylindrical face of the cell adjacent to the glass, but a similar distribution of GldL is expected on the opposite cylindrical face.
So, the total number of GldL foci per cell is about 6. The GldL spots appeared to be localized at random, with the average distance between two neighboring spots about 1.5 µm (Fig. S1 ). The position of the axis of rotation was determined by adding successive phase-contrast images in a video of a rotating cell and fitting the average with a 3D gaussian (Fig. 1C ). The axis of rotation of a tethered cell always was found near a GldL spot ( Fig. 1D ) as expected if GldL is a part of the rotary motor.
Cell rotation and SprB utilize the same power source. A preparation of tethered cells was exposed to 10 µM carbonyl cyanide-m-chlorophenylhydrazone (CCCP), which is known to abolish the protonmotive force that acts across the inner cell membrane (15) . The cells stopped rotating after the addition of CCCP and started rotating again after its removal (Fig. S2, S3 and Movie S3). The loss of rotation was rapid and the recovery was gradual, taking about 4 times longer, as expected if time was required to wash CCCP out of the cells. These results are consistent with previous observations where motion of SprB was stopped after the addition of CCCP and was restored after washing it away (6) . This suggests that both cell rotation and SprB are driven by the same fuel.
A22, a drug that alters the motion of MreB and stops the gliding of Myxococcus xanthus (16) , did not affect the gliding of F. johnsoniae. As in F. johnsoniae, binding of a cell-surface adhesin to an external surface results in gliding of M. xanthus. However, there are obvious differences between the gliding of the two types of bacteria. M. xanthus uses different motility proteins and glides about 60 times more slowly than F. johnsoaniae. Since MreB helps in building the cell wall to which the F. johnsoniae gliding machinery is attached, MreB might play a role in the assembly of that machinery.
The track on which SprB moves is close to the gliding motor. While the motor labeled by GldL-YFP is fixed on the cell surface, the SprB adhesin moves along the length of the cell. How rotation might be coupled to linear motion is a puzzle. A Cy3 tag was attached to SprB and the positions of both SprB and GldL were determined in the same cells (Fig 2A and Movie S4). The shortest distance between the trajectory of SprB labeled with Cy3 and motors labeled with GldL-YFP was measured for 42 motors in 10 cells. Most motors were at a distance (d) of about 90 nm from the SprB trajectory ( Fig. 2B) .
As a control, a simulation in which 42 motors were randomly localized in one cell was performed, together with the SprB trajectory from one cell. The shortest distances between the motors and the track were measured. The distribution for these distances was broad and did not show a discernible peak near 90 nm (Fig. S5 ).
Tracks carrying SprB did not loop around GldL spots. This argues against a model in which chains carrying SprB are driven by sprockets (4) . A viable alternative, explained below, involves racks and pinions.
A model for gliding is suggested in which a pinion attached to the rotary motor's drive shaft engages a rack (a tread) that slides along a track fixed to the rigid framework of the cell wall. A cartoon illustrating this idea is shown in Fig. 3A . A pinion (a circular gear) and a rack (a straight element with teeth matching those on the gear) is a common device for converting rotary motion into linear motion. If the motor rotates at frequency f and the radius of the pinion is r, then the rack will move at velocity v = 2prf, which is the gliding speed, about 1.5 µm/s. Given the maximum f that the rotary motor exhibits of about 3 Hz (7), we find r = v/2pf = 80 nm, which is on the mark. mounted on a given tread, that SprB will remain fixed and the free end of the cell will lift off the surface and flip over, allowing the cell to continue to glide in the same direction but without any net progress. Gliding cells often display flips, i.e., the lagging pole of a cell gliding in the x-y image plane gets stuck to glass, the leading pole rises up along the z axis and moves rapidly forming an arc such that it moves behind the lagging pole ( Fig. S7 and Movie S5). The flips are illustrated in Fig. 1 and Movie S1 of ref. 4 all that could be surmised was that sites able to adhere to the substrate moved the length of a cell along tracks fixed to the rigid framework of the cell wall.
and in
Future experiments will be aimed towards identification of the proteins that comprise the gliding machinery. Several F. johnsoniae mutants are deficient in proteins that either form the T9SS or are involved in the stability of the T9SS proteins. In these mutants, SprB is not secreted to the cell-surface and the cells do not glide. Of more interest are mutants that do secrete SprB to the cell surface but, nonetheless, are not able to glide. An example are cells that lack the C-terminal region of GldJ (18), a protein that is not a part of the T9SS. GldJ localizes helically, is an outer membrane lipoprotein (19) , and is presumably a part of the tread/track complex. Identification of other components of the rack and pinion assembly will enhance our understanding of gliding.
Methods.
Strains and plasmids. A GldL-YFP fusion was generated by amplifying eYFP from pHL55 20 using primers P65 and P67 (for primers, see Supplementary Information) and cloning it into the vector pCP23. gldL was amplified using primers P63 and P64 and was cloned into pCP23 with YFP to generate the plasmid pAS6 such that the C-terminal region of GldL was fused with the N-terminus of YFP. Strains were grown at 25˚C with shaking, as described previously (1). Motion of SprB and gliding at wild-type levels were observed with this strain. SprB was labeled with Cy3 as follows: 2 µL of 1:10 diluted purified anti-SpB antibody and 2µL of Cy3 conjugated Goat Anti Rabbit IgG Polyclonal Antibody (VWR R611-104-122) were added to 40 µL of 0.4 O.D. bacterial culture and incubated for 10 min at 25˚C. After incubation, the preparation was centrifuged at 12,600 x g for 5 min. The supernatant fraction was discarded and the pellet was re-suspended in 40 µL of motility medium (MM). A tunnel slide was prepared, 40 µL of 10 mg/mL BSA was added to the tunnel and allowed to stand for 1 min, after which the Cy3-labeled cells were flowed into one end of the tunnel, and a Kimwipe was used to wick the excess fluid from the other end.
TIRF imaging of GldL in tethered cells. To image rotating bacteria with
This preparation was allowed to stand for 10 min, and then was washed twice in the tunnel slide with 40 µL of MM.
To image YFP and Cy3 signals simultaneously, the TIRF system described above Addition of CCCP and A22. Wild-type F. johnsoniae cells were sheared and tethered to a glass coverslip and attached to a flow cell, and rotation speed was measured as described previously (7) . A CCCP stock was prepared (10 µM in MM and added at the rate of 50 µL/min using a syringe pump (Harvard Apparatus 22). To remove the drug, MM was pumped into the flow cell.
A22 (50 µg/mL) was added to cells gliding on glass in a tunnel chamber as Movie S1. A GldL-YFP strain displays wild-type levels of rotation. The cells attach to glass and beads coated with anti-SprB antibody attach to the cell. 
